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Is the initial nest depth adapted to favorable conditions for the incipient colony in leaf-
cutting ants?
Introduction
Nest foundation in Atta sexdens is claustral, where the 
queen uses body reserves for self-preservation and to cultivate 
the symbiotic fungus and its brood until the emergence of the 
first workers (Autuori, 1940). Moreover, the nest excavation 
by the queen requires significant energy investment due to the 
excavation hours and excavated soil volume (Camargo et al., 
2011).  However, the ideal depth of the initial chamber and 
how natural selection acts on the queens are still unknown 
issues. One can hypothesize that a shallow initial chamber 
requires the queen’s less time and energy, but the queen, 
the symbiotic fungus and her brood would be exposed to 
environmental variables such as temperature and humidity 
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(Bollazzi et al., 2008; Lapointe et al., 1998). In contrast, a deep 
initial chamber could provide a more stable microclimate, but 
would require more time and energy spent with additional 
exposure to predators during its construction (Autuori, 1940). 
In addition, the survival queen  and colony development can 
be affected in several ways: first, predation is intense at the 
nuptial flight and nest excavation, the main agents is birds, 
frogs, lizards , armadillos and insects, such as Canthon spp. 
(Coleoptera, Scarabaeidae) and ants (Solenopsis, Paratrechina 
and Nonamyrmex) (Autuori, 1950; Erthal & Tonhasca, 2001; 
Forti et al., 2012); second,  excessive nest digging and greater 
depths require the queen’s substantial digging effort, which 
directly affects her survival at this initial stage of the colony 
(Camargo et al., 2011); third, entomopathogenic or parasitic 
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fungi of symbiotic fungus may infect the founding colony 
(Bento et al., 1991; Rodrigues et al., 2010; Marti et al., 2015; 
Currie et al., 1999).
Probably, there is an adequate depth for the initial 
chamber, as there are various nest depths among the Atta 
species. For example, initial chamber depths range from 7.5 
to 12 cm in A. colombica  (Weber, 1972), 6.5 to 13 cm in  A. 
cephalotes (Weber, 1937), 15 to  25 cm in A. texana (Moser, 
1967), 10 to 30 cm in A. sexdens rubropilosa (Camargo & 
Forti, 2013), 10 to 15 cm in A bisphaerica (Cardoso et al., 
2014), 11 to 34 cm in A capiguara (Mariconi, 1974) and 9 to 
15 cm in  A. insulares (Bruner & Valdes Barry, 1949).  It is 
known that digging behavior is affected by temperature and 
soil moisture, reflecting the nesting habits of species. The 
initial chamber depth significantly differed between the ant 
species, with A. bisphaerica showing deeper chambers than A. 
sexdens rubropilosa (Cardoso et al., 2014).  Atta bisphaerica 
presents nests in full sun and forages predominantly grasses, 
while Atta sexdens rubropilosa presents nests in shaded places 
and forages dicots (Mariconi, 1970; Fowler et al., 1986; 
Nagamoto et al., 2009), therefore both species differ in nesting 
habits and foraging strategies. Probably, the differences in 
nest depth between species are correlated to soil temperature, 
because shading alters soil temperature regimes by locally 
diminishing soil temperature (Rosenberg et al., 1983). In this 
perspective, it is reasonable that nest exposed in grassland 
should have deeper fungus chamber than nest under shade 
of trees or inside the woods, given that soil temperature 
is negatively correlated with soil depth (Rosenberg et al., 
1983). For leaf cutting ants, soil moisture and temperature 
act together: (i) Bollazzi et al. (2008) verified that workers’ 
thermopreferences lead to the construction of superficial 
nests in cold soils, and subterranean ones in hot soils; and (ii) 
Pielström and Roces (2014) verified that soil moisture also 
varies according to soil depth, and demonstrably affects the 
digging behavior of leaf cutting ants.
So, is the ideal depth of the initial nest adapted to 
favorable conditions for the incipient colony? We hypothesized 
that this depth would provide a minimum temperature range with 
almost constant temperatures, conducive to the development 
of the symbiotic fungus and the brood yet to emerge.  To test 
this hypothesis, we used brood production as a measure of 
the colony development at different artificially controlled 
temperatures in the laboratory. 
Material and Methods 
Collection of queens of Atta sexdens rubropilosa
The collection was carried out during the nuptial flight 
that occurred on October 5, 2014, by capturing queens that 
were founding their colonies at the Lageado Experimental 
Farm, Faculdade de Ciências Agronômicas – Universidade 
Estadual Paulista–Botucatu, São Paulo state, Brazil. The 
newly collected queens were stored in plastic containers, 
11 cm in diameter and 8 cm in height, containing 1 cm of 
plaster at the bottom to maintain humidity. The queens were 
transported to the Laboratory of Social-Pest Insects FCA/
UNESP – Botucatu, where all experiments were performed. . 
The queens were allocated in laboratory (BOD Incubators) at 
different artificially controlled temperatures.
Field experiment - Soil temperature and initial nest depths 
 The temperature was measured at different soil depths 
(Dark red latosol): 0 cm (ground surface) 5 cm, 25 cm, 45 
cm, 150 cm. The temperatures were measured using a thermal 
sensor with data logger TESTO (model 175-T2), with daily 
readings every five minutes using the thermal sensor in October 
(N=7801), November (N=8001), December (N=8001), January 
(N=6311), February (N=2000) and March (N=2000). The 
sensors were buried at different soil depths, as mentioned before. 
The readings were discontinued due to some days of excessive 
rain which could compromise the measurement accuracy. 
 At the end of March, 89 early nests were excavated in 
order to measure the depth (cm) of the initial chamber (Fig 2). 
Additionally, for better view of its structure some were cement 
molded (two nest), according to the methodology used by 
Moreira et al. 2004.  For molding, a mixture of cement and 
water at a proportion of 2:10 (kg/L) was pumped into the 
holes of each nest. The nests were excavated one week after 
they had been filled with cement using small and manual tools 
to avoid destruction of the nests. After excavation, the nests 
were photographed (Fig 2).
Laboratory experiment: 
Temperature effect on the establishment of initial colonies
We tested the following hypotheses: the observed 
depth would provide a small temperature range with almost 
constant temperature which leads to successful development 
of brood. The rationale of the experimental approach was to 
compare the influence of temperature in colony development, 
measured by offspring production over time (numbers of eggs, 
larvae, pupae and adults raised until the first workers emerge) 
of queens at different temperatures.
To test this hypothesis, we used brood production as 
a measure of the colony development at different artificially 
controlled temperatures in the laboratory (BOD Incubators, 
Eletrolab). The brood production (number of eggs, larvae, 
pupae and adult) was carefully examined and recorded weekly 
using a stereoscopic microscope (Nikon, SMZ 1000) according 
to Camargo et al. (2011). The experimental groups were divided 
as follows:
1- Development at 15°C: 25 queens remained under 
the effect of low temperature (15°C) until the emergence of 
the first workers. 
2- Development at 20°C: 25 queens remained under 
the effect of medium temperature (20°C) until the emergence 
of the first workers. 
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3- Development at 24°C: queens remained under the 
effect optimal temperature (24°C) until the emergence of the 
first workers.  
4- Development at 28°C: 25 queens remained under 
the effect of high temperature (28°C) until the emergence of 
the first workers. 
Temperatures of 15°C, 20°C, 24°C and 28°C were 
chosen due to temperature preference for the allocation of 
brood and fungus by worker, according to Bollazzi and Roces 
(2002), Powell and Stradling (1986). The mortality of queens 
was also measured weekly. 
Lipid determination
The queens were immersed in organic solvent (pentane) 
until they reached a constant weight (Cook et al., 2010). The 
procedure was as follows: Fresh weight was individually 
determined; queens were dried for 24 hours at 50°C and 
their dry weight was determined; lipids were extracted with 
pentane for 24 hours and then dried and weighed on an 
analytical balance. The procedure was repeated for 72 hours 
of extraction. Values are expressed as a percentage (%) of the 
dry mass of the queen.
Statistical Analysis
The external and internal temperature (soil) was compared 
by the F test at each depth, assuming there is an equal 
temperature variation between the internal (soil inside) and 
external temperature (soil surface) (H0), with 5% significance. 
The total production (egg, larva, pupa and adult) was subjected 
to multiple comparison test of variances (Ryan, 1960) between 
the temperatures 15°C, 20°C, 24°C and 28°C.  After that, a 
generalized estimating equations model (Generalized linear 
model for dependent data) was used in the calculation using 
an iterative process proposed by Liang and Zeger (1986) 
that was fitted using a Poison probability model that has the 
same mean-variance relationship. A correlation structure that 
minimized Pan’s QIC was chosen. QIC is a statistic that 
generalizes AIC to generalized estimating equations, according 
to Pan (2001), and comes in two versions. One version is used 
for selecting a correlation structure and the second version is 
used for choosing models, all of which were fitted with the 
same correlation structure. A correlation structure AR-1 that 
includes time dependence and reflects the manner in which 
the data were collected was selected for eggs and larvae. An 
independent correlation structure was selected for pupae. 
The model considering the variables time and temperature as 
discrete was selected from three models. 
The Cox proportional hazards regression model was 
fitted to the queens’ survival at different temperatures. In 
addition, a linear regression was fitted between variations in 
lipid content of queens and temperature. Statistical analyses 
and graphs were processed by R 2.9.0 for Windows. 
Results 
The temperature variance of the measured temperatures 
at different soil depths did not change (Table 1). This result 
corroborates the hypothesis that the temperature is relatively 
constant at different soil depths when compared to the external 
temperature (Table 1). The depth of the initial chamber 
was 17.5±5.5 (Fig 2), in a temperature range varying from 
24.82±3.14°C (5 cm) to 24.11±1.30°C (25 cm) considering the 
averages of every month (Fig 1).  As for the months, October 
had the lowest temperature at all depths, but over the following 
months it tended to increase and remain constant (Fig 1). 
Fig 1. Mean temperature (°C) of soil and nest depth (cm± SD) of 
initial nest of Atta sexdens for six months after nuptial flight. 
In the laboratory, the queens showed differences in 
offspring production under different temperatures. At 15°C, 
no queen produced offspring, there was only underdeveloped 
symbiotic fungus cultivation. At 20°C, the queens produced 
eggs (396±98.73) and larvae (15.85±17.51), adults during the 
six weeks of observation. At 24°C the queens produced eggs 
(309±67.07), larvae (173.12±78.38), pupae (51.44±31.88) and 
adults (1.40±0.55). And at 28°C the queens produced eggs 
(238.40±80.47), larvae (184.00±79.30), pupae (81.24±51.67) 
and adults (36.92±29.92). 
The variance of the total production (egg, larva, pupa 
and adult) was 0.00029for 15°C, 0.00096 for 20°C, 0.00313 for 
24°C and 0.00892 for 28°C. The multiple variance comparisons 
showed no differences between the 15°C and 20°C groups (p-value 
F
7,23
 = 0.1117), but there were differences ranging between 20°C 
and 24°C (p-value F
23,21
 = 0.006973), 20°C and 28°C (p-value F
23,19
 
= 1.863 10-6) and finally between 24°C and 28°C (p-value F
21,19
 
= 0.02244) (Table 2). The GLM showed significant effects 
regarding the number of eggs produced during the weeks, 
in the 2nd week the average was 0.41 times higher than the 
average of the 1st week (P>|Z| = 4.767 10-18). In larvae, in the 
6th week the average was 0.48 times lower than the average 
of the 3rd week (P>|Z| = 2,361 10-6). There was no significant 
effect for pupae and was not estimated for adults.  
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The average lipid content was 32.58±2.98% for queens 
at 15°C, 30.90%±2.94 at 20°C, 28.84±3.41% at 24°C and 
26.78±5.70% at 28°C. Linear regression analysis of the lipid 
content according to temperature was significant (p-value F
1,74 
< 0.0001), but due to the high variation, the quality of the 
model fit is low  (R2 adjusted = 0.1836) (Fig 3).
Depth thermal sensor October November December January February March
5 cm
in 21.95±3.11
σ2=9.67
24.98±0.95
σ2=9.04
24.80±2.15
σ2=4.63
26.77±2.19
σ2=4.80
23.65±2.29
σ2=5.90
24.44±1.47
σ2=2.15
out 20.01±3.90
σ2=15.21
24.55±1.29
σ2=16.61
22.95±2.95
σ2=16.61
24.91±3.40
σ2=11.59
21.15±3.91
σ2=15.26
23.29±4.26
σ2=4.26
F test F=1.572 
P≥0.05
F=1.8386
P≥0.05
F=1.88
P≥0.05
F=2.42
P≥0.05
F=2.88
P≥0.05
F=8,4323
P≥0.05
25 cm
in 21.51±1.37
σ2=18.88
25.38±1.19
σ2=14.13
24.54±1.06
σ2=11.22
24.21±1.56
σ2=2.43
24.16±0.82
σ2=0.67
25.11±0.65
σ2=0.42
out 20.74±1.50
σ2=22.40
24.68±1.25
σ2=15.59
23.70±1.20
σ2=14.47
22.04±3.64
σ2=13.26
24.45±3.18
σ2=10.12
23.91±3.22
σ2=10.33
F test F=1.1867
P≥0.05
F=1.1031
P≥0.05
F=1.29
P≥0.05
F=5.46
P≥0.05
F=15.08
P≥0.05
F=24.67
P≥0.05
45 cm
in 21.29±0.81
σ2=6.70
24.98±0.95
σ2=9.03
24.25±0.76
σ2=5.81
26.22±0.72
σ2=5.14
24.88±1.21
σ2=1.47
24.81±1.06
σ2=1.13
out 20.64±1.55
σ2=24.0
24.55±1.28
σ2=16.61
23.75±1.14
σ2=12.92
25.37±2.08
σ2=43.57
20.96±3.98
σ2=15.87
24.47±3.72
σ2=13.80
F test F=3.58
P≥0.05
F=1.8386
P≥0.05
F=2.22
P≥0.05
F=8.48
P≥0.05
F=10.77
P≥0.05
F=12.19
P≥0.05
150 cm
in 21.29±0.21
σ2=0.05
23.36±0.77
σ2=0.59
24.21±0.24
σ2=0.05
25.53±0.10
σ2=0.01
24.93±0.14
σ2=0.018
25.16±0.05
σ2=0.002
out 20.61±1.67
σ2=2.80
24.59±1.30
σ2=1.71
23.84±1.11
σ2=1.23
21.65±3.74
σ2=14.01
23.02±3.16
σ2=10.01
23.78±3.13
σ2=9,85
F test F=6.179
P≥0.05
F=2.8692
P≥0.05
F=2.11
P≥0.05
F=1389.8
P≥0.05
F=548.19
P≥0.05
F=4311.59
P≥0.05
In – thermal sensor in the soil
Out – thermal sensor at soil surface
Table 1. Summary statistics for soil temperature (mean ±sd) during 6 months. 
Fig 2. Initial nest of Atta sexdens: A) Excavated at 4 months after 
nest foundation; B) Initial nest molded with cement at four months 
after nest foundation.
Group
K number 
of groups n
Nominal 
level
Nominal 
level/2
Significance
15-28 4 4 0,00833 0,00417 **
15-24 3 4 0,0125 0,00625 **
20-28 3 4 0,0125 0,00625 **
15-20 2 4 0,025 0,0125 n.s.
20-24 2 4 0,025 0,0125 **
24-28 2 4 0,025 0,0125 **
n.s. no significance
Table 2. Summary of multiple comparisons of variances at 5% level 
experimentwise.
In relation to queen survival, 32% of queens survived 
(17 deaths) at 15°C, 92% of queens survived (2 deaths) at 
20°C, 88% of queens survived (3 deaths) at 24°C and 80% 
of queens survived (5 deaths) at 28°C. The Cox proportional 
hazards regression model fitted to the data shows no difference 
for queens’ survival in relation to the different temperatures 
(P>|Z|=0.729).  
Discussion 
The depth that the queen of Atta sexdens rubrupilosa digs 
her initial chamber promotes a minimum temperature range, 
with a temperature that is favorable to the development 
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of symbiotic fungus and her brood.  This hypothesis was 
confirmed by the results obtained which showed that the 
depth of the initial chamber was 17.5±5.5 in a temperature 
range varying from 24.82±3.14°C (5 cm) to 24.11±1.30°C (25 
cm) (Table 1, Fig 1). Combined with the laboratory results, 
the temperatures ranging from 24 to 28°C allowed the queens 
to produce in large numbers and rapidly in the 6th and in the 
4th week there were adults (Fig 3). 
The queen determines the initial chamber depth, this 
is a regulated process involving the use of internal references: 
queens excavated their tunnels either until a particular depth was 
reached or for some predetermined length of time according to 
Fröhle and Roces 2012. For example, Atta sexdens queens 
dug around 11 to 30 cm in the soil to build their chamber 
(Camargo & Forti, 2013) to a depth for suitable temperature 
for fungus garden and brood. Some studies have recorded 
fungus temperatures in field colonies: 25–28°C for Atta sexdens 
(Stahel and Geijskes1940; Eidmann 1935), 27.5 °C for Atta 
vollenweideri (Kleineidam & Roces, 2000), and around 27°C for 
A. heyeri (Bollazzi & Roces, 2002). For brood, Bollazzi and 
Roces (2002) found that A. lundi workers avoid, while digging, 
soil temperatures that are unsuitable for brood development, and 
prefer those temperatures that are known to maximize fungal 
growth (Bollazzi & Roces, 2002). Thus, our results show 
that soil temperature at depths of 5 to 25 cm in the months 
of October to March provide ideal conditions for the fungus 
garden and brood (Fig 1). 
The number of eggs produced during the 2nd week 
was 0.41 times greater than the average of the 1st week, 
probably due to the cumulative effect on the number of eggs 
(incubation period greater than seven days) and the absence 
of larval oophagy (Autuori, 1942, Camargo et al., 2007). In 
larvae, in the 6th week the average was 0.48 times lower than 
the average of the 3rd week. This result is related to the larvae 
becoming pupae during the observation period, thus the 
number decreased. Furthermore, there was no significant effect 
on pupae and adults, probably due to the low number found 
in the treatments.  In general, comparing the development of 
initial colonies of Atta with data from the literature (Autuori, 
1942; Pereira-da-Silva, 1979), differences were found in the 
Fig 3. Eggs, larvae, pupae and adults produced by the queens in different temperatures (15°C, 20°C, 24°C e 28°C) during six weeks.
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incubation, larval and pupal periods. For Atta sexdens, the 
incubation period lasted 25 days, the larval period 22 days 
and pupal period 10 days (Autuori, 1942). Camargo et al. 
(2011) obtained similar results from the same leaf-cutting 
ant species, incubation period lasted 30 days, larval period 
25 days and pupal period 15 days. In Atta capiguara, in the 
sampled periods, the eggs were most prevalent at 1 to 18 days, 
larvae at 21–38 days, pupae at 39–55 and adults at 58–67 
days (Pereira-da-Silva, 1979). When comparing the quantity 
of brood produced with the findings of Autuori (1942) and 
Pereira-da-Silva (1979), a pattern is verified in the production 
of eggs, larvae, pupae and adults, in other words, generally 
showing high variability (Fig 3). 
The lipid content decreased in relation to increasing 
temperature (Fig 4), or high temperatures (24 °C and 28°C) 
producing more offspring than at low temperatures (15°C 
and 20°C), thereby consuming more lipids. The high lipid 
content is extremely important to the queens of Atta sexdens, 
responsible for maintaining a high brood production rate for 
several weeks (Camargo et al., 2011). According to Fowler 
et al. (1986), egg production by the queen during the 3 or 4 
months of the colony lifespan is correlated with the activity 
cycle of the corpora allata. The corpora allata are responsible 
3 months of Atta colony life have many obstacles for queens 
and their incipient colonies (Fowler et al., 1986; Marti et al., 
2015). The survival of the queen can be reduced in several ways: 
predation (Erthal and Tonhasca, 2001; Forti et al., 2012), nest 
excavation effort (Camargo et al., 2011) and entomopathogenic 
or parasitic fungi of symbiotic fungus (Bento et al., 1991; 
Rodrigues et al., 2010; Marti et al., 2015; Currie et al., 1999).
In summary, our results show an appropriate temperature 
range ( from 24.82 ±3.14°C to 24.11±1.30°C) at a depth of 
5 to 25 cm from the ground, good brood development at 
temperatures of 24 and 28 °C, thus reducing the lipid content 
of the queens at high temperatures without affecting their 
survival in the trial period. These results indicate that the 
depth of the initial chamber excavated by the queen is suitable 
for the success of the incipient colony. 
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